Introduction
============

Adhesion of mononuclear cells at the site of endothelial inflam-mation is one of the first steps in the development of atherosclerotic plaques. This adhesion occurs *via* the specific interaction of a number of receptors and ligands \[[@b1]--[@b3]\]. The integrin α~4~β~1~ (VLA-4) on monocytes is the major ligand for the vascular cell adhesion molecule-1 (VCAM-1, CD106) \[[@b4]\], an immunoglobulin-like endothelial adhesion molecule highly expressed in human atherosclerotic plaques \[[@b5]\] and linked to atherosclerosis susceptibility in mouse models \[[@b6]\]. Although VCAM-1 is structurally similar to ICAM-1, its pattern of regulation is unique \[[@b7]\]. VCAM-1 is not expressed under baseline conditions but is rapidly induced upon endothelial activation \[[@b8]\]. The up-regulation of VCAM-1 under inflammatory conditions (as observed in atherosclerosis) and on atherosclerotic plaques defines VCAM-1 as a highly attractive target for the treatment of atherosclerosis. Indeed, highly specific *in vivo* visualization of atherosclerotic plaques by molecular imaging of VCAM-1 expression has recently been demonstrated in mice \[[@b9]\] and rabbits \[[@b10]\], demonstrating the specificity of VCAM-1 as an atherosclerosis-specific target.

VCAM-1 is not only an important adhesion receptor, but also acts as a signal transducer upon leukocyte binding. VCAM-1 clustering leads to the activation of Rac1, production of reactive oxygen species (ROS), activation of p38 MAPK and to changes in the actin cytoskeleton (*i.e.* stress fibre formation). All of these events have been associated with the increased endothelial permeability induced by VCAM-1 cross-linking \[[@b11]\].

We hypothesized that inactivation of VCAM-1 *via* transfection of genes encoding for fusion proteins that compete with VCAM-1's cytoskeletal anchorage reduces monocyte adhesion to endothelial cells. However, the interaction of VCAM-1 with the cytoskeleton has not been studied very well and tools to study these interactions are not readily available. In contrast to this, in another family of adhesion molecules, the integrins, the interaction with the cytoskeleton has been well described and proven tools to study this interaction are available \[[@b12]\]. Particularly for the platelet integrin α~IIb~β~3~ (CD4/D61) the interaction with the cytoskeleton has been well characterized and we have previously visualized this interaction with immunofluorescence microscopy in the form of adhesion plaque and actin stress fibre formation \[[@b13]--[@b16]\]. Since VCAM-1 does not localize to adhesion plaques and does not mediate typical stress fibre formation, the visualization of its cytoskeletal interaction is not possible by immunofluorescence micropscopy. Therefore, we used the interaction of the integrin α~IIb~β~3~ with the cytoskeleton as a pilot experimental setup and in a second step we then transferred the outcome of this pilot study to an approach aiming at the targeted interruption of VCAM-1's cytoskeletal anchorage.

In order to interfere with α~IIb~β~3~ cytoskeletal anchorage, we developed different fusion molecules composed of the intracellular part of β~3~ and the extracellular and transmembrane part of CD7 as an inert marker. As a proof of concept, we transfected the developed fusion proteins under the control of a tetracycline-regulated expression system into wild-type and α~IIb~β~3~-expressing CHO cells and investigated their adhesive properties. Based on the results with the various CD7/β~3~ fusion molecules, a CD7/VCAM-1 fusion molecule was designed containing the intracellular part of VCAM-1 and the extracellular and transmembrane part of CD7 in order to interfere with the cytoskeletal anchorage of VCAM-1 in a dominant negative manner. The functional consequences of transfection with the generated fusion protein were investigated in a CHO cell model, as well as in primary and immortalized endothelial cells (HUVEC and HMEC).

The aim of our study was to investigate the feasibility of a gene therapy approach, specifically targeting the cytoskeletal anchorage of VCAM-1. Since monocyte recruitment into atherosclerotic plaques causes disease progression, blocking of monocyte adhesion to the vessel wall by local transfection of endothelial cells with a gene expressing a functional blocker of VCAM-1 may offer a novel therapeutic approach for the local treatment of atherosclerosis in coronary and carotid arteries. With the aim to prevent further progression of coronary atherosclerosis, local injection of an adenovirus containing a VCAM-1 inactivating gene into the coronary arteries could be performed in the cardiac catheter laboratory and may be feasible for human application. Local gene delivery by adenovirus vector systems has already been successfully employed in animal models \[[@b17], [@b18]\]. Very recently, the adenoviral delivery of gene vectors was combined with the local delivery *via* a biodegradable coating of stents \[[@b19]\]. This approach was used to prevent restenosis after stenting of atherosclerotic plaques \[[@b19]\]. Overall, besides the local injection into the coronary arteries, stent-associated delivery may also be useful in general to deliver therapeutic genes with anti-atherosclerotic effects in interventional cardiology.

Materials and methods
=====================

Reagents and antibodies
-----------------------

Anti-CD106, anti-CD106-PE (Clone 51-10C9) and CD45-FITC (Clone HI30) were from Becton Dickinson (BD, Franklin Lakes, NJ, USA); anti-CD49d (Clone HP/), anti-CD54 (Clone 84H10), anti-CD7 (Clone 8H8) and anti-CD14-PE (Clone RMO52) were from Beckman Coulter (Fullerton, CA, USA); anti-CD62E and anti-CD62E-FITC (Clone BBIG-E/) were from R&D Systems (Minneapolis, MN, USA); anti-CD7-FITC (Clone WM31) was from Millipore (Billerica, MA, USA); anti-CD54-FITC (Clon15.2) was from Chemicon (Billerica, MA, USA). Fibrinogen, cytochalasin D and phalloidin-TRITC were from Sigma-Aldrich (St. Louis, MO, USA); MCP-1 was from R&D Systems (Minneapolis, MN, USA), and Calcein AM from Invitrogen (Carlsbad, CA, USA). FITC-labeled goat anti-mouse IgG antibody was from Jackson Immunoresearch (West Grove, PA, USA). ReoPro (abciximab) was from Eli Lilly (Indianapolis, IN, USA).

Cells and cell culture
----------------------

CHO-K1 cells were purchased from DSMZ (Braunschweig, Germany) and grown in DMEM with 100 U/ml penicillin, 100 μg/ml streptomycin,0.3 mg/ml L-glutamine, 10% FCS (all from Serva, Heidelberg, Germany). The CHO cell line expressing α~IIb~β~3~ was established previously \[[@b13]\]. The CHO-AA8 cell line with integrated regulation plasmid pTet Off ™ was used according to the supplier's manual (Clontech, Mountain View, CA, USA). ICAM-1 expressing CHO cells were a gift from A. Duperray, Institute Albert Bonniot, La Tronche Cedex, France. E-selectin expressing CHO cells were available in our lab. VCAM-1, CD7/β~3~ and CD7/VCAM-1 expressing CHO cells were established by transfection and limited dilution followed by subcloning and cell sorting. Transfected cells were cultured in the presence of G418-sulphate (100--700 μg/ml), Hygromycin (600 μg/ml) or Zeocin (600 μg/ml) (all from Invitrogen, Carlsbad, CA, USA).

We used primary (human umbilical vein endothelial cells, HUVECs) as well as immortalized (human microvascular endothelial cell line-1, HMEC-1) endothelial cells. HUVECs were obtained from PromoCell (Heidelberg, Germany) and cultured in 0.5% gelatin-coated culture plates filled with ECGM supplemented with basic human recombinant fibroblast growth factor 1.0 ng/ml, endothelial cell growth supplement/heparin 4 μl/ml, FBS 2%, recombinant human epidermal growth factor 0.1 ng/ml, hydrocortisone 1 μg/ml, amphotericin B 50 ng/ml, gentamicin 50 μg/ml; all from PromoCell (Heidelberg, Germany). HMEC-1 cells were a gift from H. Eltzschig (University of Tübingen, Germany) and were cultured in MCDB 131 medium supplemented with 100 U/ml penicillin, 100 μg/ml streptomycin, 0.3 mg/ml L-glutamine, 10% FCS, 2 ng/ml hydrocortisone, 10 ng/ml epidermal growth factor (all from Invitrogen, Carlsbad, CA, USA). All cell culture work was conducted at 37°C with 95% humidity and up to 5% CO~2~ using aseptic techniques.

Cloning
-------

CD7 (HUGO Gene Nomenclature Committee (HGNC) No 1695) (gift from C. Haller, University of Heidelberg, Germany), VCAM-1 (HGNC:12663) and β~3~ (HGNC:6156) (both derived from endothelial cells) cDNA were cloned into pcDNA1 or in pcDM8 plasmid (Invitrogen, Carlsbad, CA, USA). For CD7/β~3~ constructs, varying lengths of the cytoplasmatic region of β~3~ and the extracellular region of CD7 were generated by fusion-PCR using overlap primers as described earlier \[[@b20]\] and cloned into pUHD10--3 (Manfred Gossen, ZMBH, Heidelberg) ([Fig. 1](#fig01){ref-type="fig"}). The cytoplasmic region of VCAM-1 was amplified by PCR with EcoRI and XhoI restriction sites and cut. A part of the intracellular CD7 domain was removed by cutting with EcoRI and XhoI and replaced by the PCR amplified cytoplasmic VCAM part. The fused construct was then subcloned in pZeoSV2(+) (Invitrogen, Carlsbad, CA, USA) and adenovirus vector pTR-UF5 (ProCorde, Munich, Germany) ([Fig. 1](#fig01){ref-type="fig"}). Final constructs were confirmed by sequencing. We used the *E. coli* strains SCS 110, XL1-Blue MRF', Epicurian Coli® SURE® (Stratagene, La Jolla, CA, USA), MC 106/3, Top10 (Invitrogen, Carlsbad, CA, USA) and Dh5α (BD, Franklin Lakes, NJ, USA). Used primers: Eco-sense-integrin (5′-CCG AAT TCC CTC ATC ACC ATC CAC GAC C-3′); Xba-hind-anti-integrin (5′-CCT CTA GAA GCT TAT CAT TAA GTG CCC CGG TAC-3′); CD7-sense (5′-CCG AAG CTT CTC GAG TCT AGA CCA GAG AGG CTC AGC TGC ACT CGC C-3′); β3-antisense (5′-CCG ACG CGT CTC GAG ACT GCT TAT CAT TAA GTG CC-3′); CD7-β3-overlap (5′-CCT GGG GGT GGC GTG TGT GCT GGT GGC GCA CGA CCG AAA AGA ATT CGC T-3′); CD7-β3-TM-overlap (5′-CCA GCA GCC TCT GCC CTC CCT ATC CTG GTG GTC CTG CTC TCA GTG-3′); CD7-β3-TM-15 overlap (5′-GGC TCC GCC CTC CCT GAC CCG CAG ATC CTG TAT GTG GTA GAA GAG CC-3′).

![Overview of generated CD7/β~3~ and CD7/VCAM-1 fusion proteins. The sequences of the beginning and the end of the CD7/β~3~ and CD7/VCAM-1 protein sequences are depicted. Four different chimeras with different fusion sites between CD7/β~3~ and CD7/VCAM-1 and a corresponding control lacking the intracellular part were generated. In addition, native CD7 was used as a control.](jcmm0014-0290-f1){#fig01}

Peripheral blood mononuclear cells and flow cytometry
-----------------------------------------------------

Monocyte isolation from whole blood and flow cytometry were performed as described before \[[@b21]\].

Transfection of CHO cells and adenoviral infection of endothelial cells
-----------------------------------------------------------------------

All transfections of CHO-K1 cells were performed at passage 2 using standard electroporation protocols. Cells were grown to a density of 80% and approximately 20--60 μg DNA was used for 1 × 10^7^ cells. On the following day, cells were subject to selection. Once single cell clones became visible, cells were washed every second to third day with PBS and remaining cells were cultured until 70--80% confluence. Cells were then harvested and after limited dilution, single cells were allowed to grow to colonies in six-well plates. The colonies derived from single cell clones only were analysed for expression of transfected receptors by flow cytometry.

HUVECs and HMECs were transfected with an adenoviral system obtained from ProCorde (Munich, Germany) using a pTR-UF5 plasmid containing CD7/VCAM-1. After washing with PBS, cells were incubated with 1 × 10^9^ pfu per well for 2 hrs. Expression was verified by flow cytometry 48 hrs after the transfection using FITC labeled anti-CD7 antibody.

Adhesion assays
---------------

For inhibition studies of cell adhesion, 96-well plates were coated overnight at 4°C with 30 μg/ml fibrinogen. After blocking with 1% BSA,2 × 10^4^ cells per well were plated and incubated for 2 hrs at 37°C. After incubation, the supernatant was removed, adherent cells were trypsinized, and collected into the appropriate tubes. Samples were stained with a FITC-labeled anti-CD7 antibody and analyzed by flow cytometry. 96-well plates were coated with 20 μg/ml fibrinogen overnight at 4°C and blocked with 1% BSA. 1 × 10^6^ cells/ml were allowed to adhere for 1 hr at 37°C. After washing with PBS, cells were incubated with 50 μl (6 mg/ml) phosphatase substrate (Sigma-Aldrich, St. Louis, MO, USA) for 1 hr at 37°C and the generated p-Nitro phenyl phosphate was measured at 405 nm after the reaction was stopped with 50 μl 1-M. NaOH. Monocyte adhesion assays were performed on a confluent cell layer to avoid attachment of monocytes to the plastic, according to a previously published method \[[@b22]\]. Cells were washed with PBS and co-incubated for 60 min. with monocytes suspended in medium to a density of 2 × 10^6^ (0.5 ml/well). Monocyte suspension was withdrawn and the wells were washed twice with PBS to remove non-adherent cells. Cells and cell aggregates were detached by mild trypsinization, washed by centrifugation (8 min. at 200 ×*g*), stained with anti-CD45-FITC and anti-CD14-PE, fixed and analysed (10,000 cells per sample) by flow cytometry. The proportion of monocytes in the suspension was evaluated by the relationship between CD45-FITC and CD14-PE. The absolute number of monocytes adhering to endothelial cells was calculated in relation to the total number of cells obtained after trypsinization. The results were expressed as a percentage of monocytes added.

Monocyte chemotaxis assay
-------------------------

HUVECs were grown on the bottom of the inlets of a 24-well chemotaxis transwell plate (5 μm, Polycarbonate-Membrane, Fisher Scientific, Schwerte, Germany), until confluent. Monocyte suspension (0.2 ml of 10^6^ cells/ml) was plated on the upper chamber. The lower chamber was filled with 50 ng/ml MCP-1 medium. After 3 hrs of incubation, the migrated cells on the lower surface of the membrane were fixed, stained with Wright's color (Sigma-Aldrich, St. Louis, MO, USA) and the number of migrated cells per field was counted with an inverted phase-contrast microscope (Nikon, Tokyo, Japan). Six fields were selected in each experiment, and substituted for the average value of counting as an index of migration.

Immunofluorescence
------------------

Glass cover slips (12 mm circular, No. 1; Nunc, Rochester, NY, USA) were incubated with fibrinogen (30 μg/ml) at 4°C overnight. After washing with PBS, the cover slips were blocked with 1% BSA and washed twice again with PBS. 1 × 10^6^ cells were allowed to adhere on the coated cover slips for 60 min. at 37°C. Cells were then washed again and fixed with 1% paraformaldehyd/% Triton X100 for 10 min. at 4°C. For microscopy, cells were stained with an anti-CD7 antibody for 30 min., then washed twice again and stained with a FITC-labeled goat anti-mouse IgG+M antibody and phalloidin-TRITC for 30 min. After another two washes with PBS, cover slips were mounted using Vectashield (Vector, Burlingame, CA, USA). Photographs were taken on an Axioplan-2 microscope (Zeiss, Jena, Germany).

Flow chamber assay
------------------

Monocyte adhesion to confluent monolayers of activated (TNF-α100 ng/ml or IL-1β 166 ng/ml for 12 hrs, Roche, Penzberg, Germany) or non-activated HMECs was investigated using a parallel plate flow chamber (GlycoTech, Gaithersburg, MD, USA). Cells were grown on a 35-mm dish (Nunc, Rochester, NY, USA), which formed the bottom of the parallel plate flow chamber. The chamber and the tubing leading to and from the chamber were filled with buffer, before Calcein AM labeled monocytes (10^6^ cells/ml) resuspended in PBS (Invitrogen, Carlsbad, CA, USA) were allowed to flow over HMECs. A defined shear rate of 0.5 dyne/cm^2^ was applied with a perfusion pump (Syringe pump phd2000 system, Harvard apparatus, Holliston, MA, USA). Monocyte interaction with the endothelial monolayer was visualized by video microscopy using 20× magnification (Zeiss Axioplan II, Jena, Germany). Cell rolling was assessed in randomly selected 5 sec. video frames and cell adhesion was counted in randomly selected optical fields (mean ± S.D. of 6 randomly chosen fields evaluated). All analyses were performed offline with Let's edit software (Canopus, Kobe, Japan).

Statistical analysis
--------------------

Data are shown as mean ± S.D.. Quantification of data was evaluated by analysis of variance (ANOVA). *Post-hoc* Tukey analysis was used to compare differences between groups (\**P* \< 0.1; \*\**P* \< 0.01; \*\*\**P* \< 0.001). All statistical analyses were performed with the Prism software package Version 4 (GraphPad Software, La Jolla, CA, USA).

Results
=======

We used a glycoprotein receptor α~IIb~β~3~-based CHO cell model system to assess the influence of the transfection of different CD7/β~3~ chimeras on cytoskeletal anchorage and α~IIb~β~3~-mediated cell adhesion. We then constructed a CD7/VCAM-1 chimera corresponding to the CD7/β~3~ construct that had the strongest inhibitory effect on cytoskeletal anchorage and adhesion ([Fig. 1](#fig01){ref-type="fig"}). This CD7/VCAM-1 chimera was used to interfere with native VCAM-1 in a dominant negative manner.

Construction of CD7/β~3~ fusion proteins
----------------------------------------

We designed four CD7/β~3~ fusion proteins with differing fusion sites between the N-terminal CD7 and the C-terminal β~3~ as well as a truncated CD7 control construct ([Fig. 1](#fig01){ref-type="fig"}). First, we investigated how these CD7/β~3~ constructs affect the cytoskeletal anchorage of the native α~IIb~β~3~ receptor. We used the Tet Off™-System in order to achieve different expression levels of the constructs by the addition of various levels of tetracycline. Comparing the different CD7/β~3~ constructs and different expression levels (100% of expression was observed in the absence of tetracycline) we found that a low membrane expression of the fusion protein CD7(Δ215)β~3~ is sufficient to achieve a significant blockade of α~IIb~β~3~-mediated adhesion *via* a dominant negative inhibition mechanism. Moving the fusion site between CD7 and β~3~ towards the cell membrane and having the intracellular domain of β~3~ at its correct orientation/distance, in respect to the cell membrane and the cytoskeletal anchorage structures, switched the dominant negative inhibition of CD7(Δ215)β~3~ to competitive inhibition of the other CD7/β~3~-fusion constructs ([Fig. 2](#fig02){ref-type="fig"}). This was confirmed in adhesion assays (data not shown). Because of its advantageous dominant negative inhibition, the fusion protein CD7(Δ215)β~3~ was chosen for further functional assays.

![Inhibition of cell adhesion of transfected CHO cells on immobilized fibrinogen. Cells were transfected with different CD7/β~3~ constructs and treated with different concentrations of doxycycline to regulate the CD7/β~3~ expression level, which was measured by flow cytometry using a fluorescein-conjugated anti-CD7 antibody. Cell adhesion was determined by quantitative flow cytometry of cells in the supernatant and after trypsin treatment. The fusion-construct CD7(Δ215)β~3~ resulted in strong inhibition of cell adhesion at low levels of expression, consistent with a dominant negative inhibition. The other fusion constructs resulted in inhibition that is dependent on the level of expression, indicating competitive inhibition.](jcmm0014-0290-f2){#fig02}

CD7(Δ215)β~3~ inhibits α~IIb~β~3~-mediated adhesion to fibrinogen, adhesion plaque formation and actin stress fibre formation
-----------------------------------------------------------------------------------------------------------------------------

We transfected the native α~IIb~β~3~ receptor into CHO cells either alone or in combination with the CD7(Δ215)β~3~ and tested the cells for their ability to adhere to fibrinogen. In contrast to wild-type CHO cells, which are unable to spread on fibrinogen, α~IIb~β~3~-expressing CHO cells firmly adhered and spread on this surface ([Fig. 3A](#fig03){ref-type="fig"}). When stained with anti-α~IIb~ and phalloidin-TRITC, these cells exhibited strong focal adhesion plaques and actin stress fibre formation. After transfection with CD7(Δ215)β~3~, the cells did not spread and were mainly round in shape. Staining with anti-α~IIb~ revealed a lack in adhesion plaque formation; furthermore,phalloidin-TRITC staining revealed no actin stress fibre formation. Overall, cell adhesion was significantly reduced by CD7(Δ215)β~3~ ([Fig. 3B](#fig03){ref-type="fig"}), confirming the dominant negative inhibitory effect of this construct. This was not observed in cells transfected with CD7(Δ215) lacking the intracellular β~3~ part (data not shown). The binding of α~IIb~β~3~-expressing CHO cells to fibrinogen was significantly reduced by the α~IIb~β~3~-function blocking antibody ReoPro (abciximab, 10 μg/ml) demonstrating the specificity of our CHO cell system for α~IIb~β~3~-mediated adhesion ([Fig. 3C](#fig03){ref-type="fig"}).

![Loss of cytoskeletal anchorage of α~IIb~β~3~ upon CD7(Δ215)β~3~ transfection. (A) Cells were transfected with α~IIb~β~3~ and α~IIb~β~3~+ CD7(Δ215)β~3~. Staining was performed with anti-α~IIb~β~3~-FITC, anti-phalloidin-TRITC and anti-CD7-FITC. α~IIb~β~3~-expressing cells adhere and spread on fibrinogen and the interaction between integrin and cytoskeleton is manifested by the localization of α~IIb~β~3~ in adhesion plaques and the organization of the actin cytoskeleton in stress fibres that span between adhesion plaques. After co-transfection with CD7(Δ215)β~3~α~IIb~β~3~-expressing cells do not form adhesion plaques and do not form stress fibres. (B) Quantification of cell adhesion of transfected CHO cells on fibrinogen. Cells were transfected with α~IIb~β~3~ and α~IIb~β~3~+ CD7(Δ215)β~3~. Adhesion of α~IIb~β~3~-transfected CHO cells were set to 100% adhesion. Binding was significantly reduced by co-transfection with CD7 (Δ215)β~3~. Mean ± S.D. for *n*= 6 are given (\*\*\**P* \< 0.001). (C) Quantification of cell adhesion of α~IIb~β~3~-expressing CHO cells on fibrinogen under the influence of ReoPro (abciximab, 10 μg/ml). Adhesion of α~IIb~β~3~-transfected CHO cells was set to 100% adhesion. Binding was significantly reduced by ReoPro. Mean ± S.D. for *n*= 3 are given (\*\*\**P* \< 0.001).](jcmm0014-0290-f3){#fig03}

Inhibition of monocyte adhesion to VCAM-1 expressing CHO cells by CD7/VCAM-1
----------------------------------------------------------------------------

Based on the results obtained with the CD7(Δ215)β~3~ chimera exhibiting strong dominant negative inhibition, we constructed a CD7/VCAM-1 chimera utilizing the same approach with a spatial separation of the VCAM-1 intracellular domain from the cell membrane ([Fig. 1](#fig01){ref-type="fig"}). First, we evaluated the impact of CD7/VCAM-1 transfection on VCAM-1-expressing CHO cells in regard to monocyte adhesion. Using again the Tet Off ™-system, we were able to modulate the expression of the CD7/VCAM-1 chimera. Double transfected (CD7/VCAM-1 and VCAM-1) cells treated with doxycycline, down regulating CD7/VCAM-1 expression, showed similar monocyte adhesion when compared to VCAM-1-expressing CHO cells. In contrast, double transfected (CD7/VCAM-1 and VCAM-1) CHO cells without doxycycline treatment showed significantly less monocyte adhesion ([Fig. 4A](#fig04){ref-type="fig"}). Thus, CD7/VCAM-1 co-expression was able to inhibit VCAM-1-mediated monocyte adhesion.

![VCAM-1, ICAM-1 and E-selectin mediated monocyte adhesion after treatment with CD7/VCAM-1, cytochalasin D, anti-VCAM-1, anti-VLA-4 and anti-E-selectin. Cells were transfected with either VCAM-1, ICAM-I, E-selectin, CD7/VCAM-1 or co-transfected. Expression of CD7/VCAM-1 was down regulated by doxycycline treatment. CD7/VCAM-1 effectively inhibits VCAM-1 but not ICAM-1 or E-selectin mediated monocyte adhesion. Adhesion was reduced after cytochalasin D treatment (50 ng/ml for 4 hrs) (A), anti-VCAM-1 (B) as well as anti-VLA-4 incubation (both 10 μg/ml for 15 min.)(C). Adhesion was reduced in ICAM-I transfected cells after cytochalasin D treatment but not after CD7/VCAM-1 co-transfection (D) and after incubation with anti-ICAM-I antibodies (E). Adhesion was reduced in E-selectin transfected cells after incubation with anti-E-selectin antibodies (F), but not after CD7/VCAM-1 co-transfection or cytochalasin D treatment (G). Mean ± S.D. for *n*= 6 are given (\*\*\**P* \< 0.001).](jcmm0014-0290-f4){#fig04}

To further characterize the VCAM-1 monocyte interaction, we studied the effect of anti-VCAM-1 and anti-VLA-4 (CD49d/CD29) (both 10 μg/ml for 15 min.) antibody treatment. After pre-incubation with anti-VCAM-1, the amount of adhering monocytes todouble transfected (CD7/VCAM-1 and VCAM-1) CHO cells was reduced to control levels ([Fig. 4B](#fig04){ref-type="fig"}). We observed comparable results by blocking the VCAM-1 counter receptor VLA-4 on monocytes using an anti-CD49d antibody ([Fig. 4C](#fig04){ref-type="fig"}). Furthermore, we used cytochalasin D, an inhibitor of actin polymerization to interrupt the cytoskeletal organization. After doxycycline treatment (to suppress expression of CD7/VCAM-1), cytochalasin D reduced monocyte binding significantly (*P* \< 0.001) ([Fig. 4A](#fig04){ref-type="fig"}). This indicates that cytoskeletal anchorage is necessary for the proper function of VCAM-1 and that CD7/VCAM-1 competes with VCAM-1 in its interaction with the actin cytoskeleton.

The specificity of the CD7/VCAM-1 construct to inhibit VCAM-1 was assessed in CHO cells stably expressing either ICAM-1 orE-selectin. We found no effect of CD7/VCAM-1 transfection on ICAM-1-mediated monocyte adhesion, but treatment with cytochalasin D ([Fig. 4D](#fig04){ref-type="fig"}) as well as pre-incubation with a function blocking anti-ICAM-1-antibody (10 μg/ml for 15 min.) significantly reduced monocyte adhesion ([Fig. 4E](#fig04){ref-type="fig"}). In addition, monocyte adhesion to CHO cells transfected with E-selectin was also not affected by co-transfection of CD7/VCAM-1, but a function blocking anti-E-selectin-antibody (10 μg/ml for 15 min.) led to a significant reduction in the number of adhering monocytes ([Fig. 4F](#fig04){ref-type="fig"}). Treatment with cytochalasin D had no effect on E-selectin mediated monocyte adhesion, indicating monocyte binding to E-selectin is independent of cytoskeleton interaction ([Fig. 4G](#fig04){ref-type="fig"}). These results implicate a highly specific action of CD7/VCAM-1 on the native VCAM-1 receptor.

Inhibition of VCAM-1-mediated monocytetransmigration by CD7/VCAM-1
------------------------------------------------------------------

After observing the influence of the CD7/VCAM-1 chimera on monocyte adhesion, we studied the transmigration of monocytes through a cell layer of transfected CHO cells. We measured chemotaxis using a 24-well chemotaxis chamber containing an insert filter with monocytes plated onto the upper chamber. More monocytes were able to migrate through VCAM-1 expressing CHO cells compared with control CHO cells and CHO cells expressing CD7/VCAM-1 ([Fig. 5A](#fig05){ref-type="fig"}). Co-expression of CD7/VCAM-1 and VCAM-1 led to a significant reduction of migration to levels observed with the CHO control cells and suppression of CD7/VCAM-1 expression by doxycycline treatment significantly increased monocyte transmigration. Thus, VCAM-1 significantly contributes to monocyte transmigration, which is inhibitable by the newly developed approach targeting the cytoskeletal anchorage of VCAM-1 ([Fig. 5A](#fig05){ref-type="fig"}).

![VCAM-1 and ICAM-1 mediated monocyte migration after treatment with CD7/VCAM-1, cytochalasin D and anti-VCAM-1. Cells were transfected with either VCAM-1, ICAM-I, CD7/VCAM-1 or co-transfected. Expression of CD7/VCAM-1 was down regulated by doxycycline treatment. Monocyte migration through VCAM-1-expressing CHO cells was inhibited by CD7/VCAM-1 (A), anti-VCAM-1 (B) and after cytochalasin D treatment (C). Migration of monocytes through ICAM-1-expressing CHO cells was not inhibited by transfection with CD7/VCAM-1, but cytoskeletal anchorage was essential for ICAM-1-mediated migration (D). Mean ± S.D. for *n*= 6 are given (\*\*\**P* \< 0.001).](jcmm0014-0290-f5){#fig05}

Transmigration was further characterized by antibody pre-incubation to block monocyte-to-cell interaction. Anti-VCAM-1 incubated double transfected CHO cells showed less monocyte migra tion compared to non-treated double transfected cells. Suppression of CD7/VCAM-1 expression restored transmigration, demonstrating a VCAM-1-mediated migration of monocytes ([Fig. 5B](#fig05){ref-type="fig"}). Interruption of cytoskeletal anchorage with cytochalasin D had the same effect as co-transfection of CD7/VCAM-1 ([Fig. 5C](#fig05){ref-type="fig"}).

Involvement of ICAM-1 in monocyte transmigration has been reported \[[@b23]\]. Cytochalasin D treatment abolished monocyte migration through ICAM-1 expressing CHO cells, indicating that as well as for VCAM-1 cytoskeletal anchorage is necessary for ICAM-1 function, but CD7/VCAM-1 transfection did not reduce the migration ability of ICAM-1 transfected CHO cells to control levels, providing further evidence of the target specificity of CD7/VCAM-1 ([Fig. 5D](#fig05){ref-type="fig"}).

Adenoviral transfer of CD7/VCAM-1 to HUVECs inhibits monocyte adhesion and attenuatesmonocyte transmigration
------------------------------------------------------------------------------------------------------------

Finally, we tested the effect of CD7/VCAM-1 transfection directly in human umbilical vein endothelial cells (HUVEC) and human microvascular endothelial cells (HMEC). With HUVECs, more adherent monocytes were detected with IL-1β stimulated cells compared to non-stimulated HUVECs. IL-1β rapidly up regulates VCAM-1 and E-selection in human endothelial cells (data not shown). Transfection with CD7/VCAM-1 resulted in a significant reduction of adhesion for non-stimulated and stimulated cells ([Fig. 6A](#fig06){ref-type="fig"}). Vector-only transfected control cells showed similar levels of adhesion as non-transfected cells. Co-expression of CD7/VCAM-1 reduced the level of monocyte adhesion from inflammatory levels to non-inflammatory levels ([Fig. 6A](#fig06){ref-type="fig"}). Non-stimulated HUVECs and CD7/VCAM-1 transfected HUVECs showed no difference in VCAM-1-mediated transmigration. After stimulation with IL-1β, the migration level was significantly enhanced in non-transfected as well as mock-transfected cells. CD7/ VCAM-1 transfection significantly reduced the migration of monocytes ([Fig. 6B](#fig06){ref-type="fig"}).

![Monocytes adhesion, migration and rolling are inhibited by CD7/VCAM-1. Cells were incubated with buffer (non-stimulated) or stimulatedwith IL-1β (IL-1β-stimulated) and transfected with the vector alone (pTR-UF5 HUVECs) or the CD7/VCAM-1 fusion protein (CD7/VCAM-1 HUVECs). After IL-1β stimulation, monocyte adhesion and migration increased. (A) Adhesion could be significantly reduced after CD7/VCAM-1 transfection innon-stimulated and stimulated HUVECs. (B) For cell migration, cell activation is a prerequisite. On stimulated HUVECs, monocyte migration couldbe inhibited by the CD7/VCAM-1 fusion protein. Mean ± S.D. for *n*= 6 are given (\*\**P* \< 0.01). HMECs in a flow chamber assay were stimulatedwith buffer or IL-1β and transfected with CD7/VCAM-1 fusion protein and/or blocked with an anti-VCAM-1 antibody (10 μg/ml for 15 min.). Increased amounts of adherent (C) and rolling monocytes (D) are detected after IL-1β stimulation. Transfection with CD7/VCAM-1, incubation with anti-VCAM-1 antibodies, and the combination of both result in a reduction of monocyte adhesion and rolling. Mean ± S.D. for *n*= 6 are given (\*\**P* \< 0.01;\*\*\**P* \< 0.001).](jcmm0014-0290-f6){#fig06}

Adenoviral transfer of CD7/VCAM-1 to anendothelial cell (HMEC) monolayer reduced rolling and adhesion of monocytes undershear stress
------------------------------------------------------------------------------------------------------------------------------------

In a flow chamber system, stimulation of HMECs with IL-1β significantly increased the number of adherent monocytes. Although a smaller but nevertheless a significant increase in the number of rolling monocytes was seen. Transfection with CD7/VCAM-1, incubation with anti-VCAM-1 antibodies and the combination of both resulted in a significant reduction of monocyte adhesion, reflecting the crucial role of VCAM-1 for stable adhesion. The impact on monocyte rolling was less obvious, indicating a minor role for VCAM-1 in mediating monocyte rolling ([Fig. 6C](#fig06){ref-type="fig"} compared to 6D). However, following IL-1β stimulation, CD7/VCAM-1 transfection also significantly inhibited monocyte rolling.

Discussion
==========

Local treatment of rupture-prone atherosclerotic plaques andprevention of atherosclerosis are major challenges in cardiovascular medicine. Adhesion receptors play a crucial role in the development of atherosclerosis by mediating the required cell--cell interactions leading to the establishment of atherosclerotic plaques. Cytoskeletal anchorage is necessary for the function of many adhesion receptors including the integrin α~IIb~β~3~, for which proper anchorage is a prerequisite for its multiple functions \[[@b13], [@b16]\]. The integrin cytoplasmic tails in general and the cytoplasmic domain of the integrin β-subunits in particular are crucial for the interaction with the cell's cytoskeleton. The interruption of integrin β-subunits' cytoskeletal anchorage results in the loss of adhesive function \[[@b20], [@b24]\]. Therefore, we postulated that β~3~-chimeras, with an inert extracellular component, may compete with the native receptors' cytoskeletal anchorage, thereby interfering with receptor clustering, signaling and adhesive properties of the receptor. Our concept of competitive and potentially dominant negative inhibition of cytoskeletal anchorage was first established in an integrin α~IIb~β~3~-based CHO cell model ([Figs 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}).

The extracellular part of CD7, a small membrane protein(40 kD) of the Ig-superfamily \[[@b25]\] was used for the construction of CD7/β~3~-chimeras as it is generally considered as an inert extracellular marker. CD7 is found on mature T cells, natural killer cells \[[@b26], [@b27]\] and on B-cells or myeloid precursor cells before they enter the thymus during embryonic development \[[@b28], [@b29]\]. It is also used as a diagnostic marker for lymphatic T cell leukemia \[[@b30]\] and has recently been used for the targeting of soluble Fas-Ligand (sFasL) to CD7-expressing cells *via* a CD7 specific single-chain antibody as a novel therapeutic approach for acute T cell leukemia \[[@b31]\]. Depending on the fusion site between CD7 and β~3~ two mechanism of inhibition seem to occur in our CHO cell model ([Figs 1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}). The construct CD7(Δ215)β~3~ ([Fig. 1](#fig01){ref-type="fig"}) caused a dominant negative inhibition whereas the other fusion constructs caused a competitive inhibition of integrin α~IIb~β~3~-mediated adhesion.

Dominant negative inhibition achieved with integrin β-subunit-chimeras has been linked to competition of the β-subunit cytoplasmic tails for talin binding \[[@b32]\]. However, it has recently been shown that talin alone does not fully account for the dominant negative inhibition observed by co-expression of integrin β-subunit-chimeras \[[@b33]\]. Furthermore, the same groupproposed that unique structural changes in the integrin cytoplasmic tail associated with the chimerization account for the non-talin mediated effects on the integrin--cytoskeletal linkage of the native receptor. In addition, the fusion site in our CD7(Δ215)/β~3~ construct results in spatial separation of the β~3~ cytoplasmic domain from the cell membrane, which may cause the disruption of large focal adhesion complexes. This may explain our finding that only a few constructs led to the major impairment in α~IIb~β~3~-mediated adhesion, constituting adominant negative inhibitory effect.

The CD7/VCAM-1 chimera was designed on the blueprints of the CD7(−Δ215)/β~3~ construct composed of the CD7 extracellular domain, transmembrane domain, and parts of the intracellular domain fused to the VCAM-1 cytoplasmic domain spatially separated from the cell membrane. Its purpose was to target the adhesive function on endothelial cells towards its counter receptor VLA-4 on monocytes by altering the cytoskeletal anchorage of VCAM-1.

The blockade of VCAM-1 appears to be a promising approach to reduce vascular damage \[[@b34]\]. There is strong evidence that VCAM-1 is one of the major players in monocyte recruitment\[[@b8], [@b35]\] and it has been shown to enhance monocyte and macrophage adhesion in rats \[[@b36]\], mice \[[@b37]\] and rabbits \[[@b38]\].

Furthermore, blockade of VCAM-1 with monoclonal antibodies has been shown to inhibit adhesion and transmigration of a human monocyte cell line to human aortic endothelial cells \[[@b39]\]. Anti-oxidative drugs have been found to repress ICAM-1 and VCAM-1 \[[@b40]\]. Direct blockade of the VCAM-1 counter receptor VLA-4 with different specific peptides has been observed to successfully attenuate monocyte migration and inflammatoryreactions \[[@b41]\]. Blockade of VCAM-1 in hypercholesterolaemic mice has been shown to result in reduced neointima formation due to the inhibition of monocyte migration \[[@b42], [@b43]\]. Gene targeting experiments highlighting the importance of VLA-4 and VCAM-1 in atherosclerotic lesion development have been hampered by the lack of availability of appropriate knockout mice. Mice with a homozygote deficiency in the fourth domain of VCAM-1, which binds VLA-4, have been shown to survive and to have reduced monocyte binding and an 84% reduction in lesions in the aortic root when crossed with ApoE--/-- knockout mice \[[@b35]\]. However, null mutations for VCAM-1 lead to embryonic lethality \[[@b44]\] such that no adult mice are available to study the impact of these molecules on atherosclerosis.

All approaches that aim for systemic targeting of VCAM-1 may lead to unwanted side effects, due to the inhibition of physiological VCAM-1 functions in healthy tissues. Therefore, an ongoing effort continues into the development of agents that allow for the regional blockade of VCAM-1. Knockdown of VCAM-1 expressed on activated vascular endothelium has been achieved by siRNA transfection in mice. However, significant up regulation of other adhesion molecules associated with cell stress occurred after siRNA transfection \[[@b45]\]. Cell-specific and inducible strategies have been developed that appear to be able to eliminate VCAM-1 in certain cell types only \[[@b46], [@b47]\].

Our gene therapy approach is based on targeting of VCAM-1 *via* a CD7/VCAM-1 fusion protein using an adenoviral vector system that would allow local application. Transfection of the CD7/VCAM-1 construct as an inert competitor to wild-type VCAM-1 in stably transfected CHO cells blocked VCAM-1 mediated monocyte adhesion ([Fig. 4A--C](#fig04){ref-type="fig"}) and migration ([Fig. 5A--C](#fig05){ref-type="fig"}) to the same extent as achieved by antibody blockade of VCAM-1. This indicates that CD7/VCAM-1 causes a dominant negative inhibition of VCAM-1 similar to the dominant negative inhibition of α~IIb~β~3,~ which we observed with the initial CD7/β~3~ construct ([Figs 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). Furthermore, our data underline the importance of VCAM-1 in mediating monocyte adhesion and migration in our CHO cell system without co-expression of, or interaction with, other surface receptors. However, because *in vivo* E-selectin, ICAM-1 and VCAM-1 are all expressed in parallel under inflammatory conditions we investigated their role separately in our CHO-cell based experimental system. In agreement with others \[[@b48]\], our studies confirm that E-selectin alone can also mediate monocyte adhesion but not migration ([Fig. 4F--G](#fig04){ref-type="fig"}), whereas ICAM-1 is able to mediate both adhesion ([Fig. 4D--E](#fig04){ref-type="fig"}) and migration ([Fig. 5D](#fig05){ref-type="fig"}). Furthermore co-transfection with CD7/VCAM-1 had no impact on ICAM-1 or E-selectin mediated monocyte adhesion therefore indicating that the dominant negative inhibition of our CD7/VCAM-1 construct is highly specific for VCAM-1.

For E-selectin, this finding was less surprising as cytoskeletal anchorage is not necessary for this molecule. For ICAM-1, however, one could suggest a similar binding site as for VCAM-1. Earlier reports have demonstrated α-actin association \[[@b49]\] for ICAM-1. Using cytochalasin D as an inhibitor of actin stress fibre formation, we found, in agreement with others, that the association of ICAM-1 with actin-containing structures of the cytoskeleton is necessary for proper function \[[@b50]\] ([Figs 4D](#fig04){ref-type="fig"} and [5D](#fig05){ref-type="fig"}), whereas monocyte adhesion mediated by E-selectin occurs without cytoskeletal anchorage \[[@b51]\] ([Fig. 4G](#fig04){ref-type="fig"}). We also found that cytochalasin D blocked VCAM-1-mediated monocyte adhesion and migration to the same level as seen with CD7/VCAM-1 transfection ([Figs 4A](#fig04){ref-type="fig"} and [5C](#fig05){ref-type="fig"}), strongly supporting our hypothesis that cytoskeletal anchorage is necessary for the proper function of VCAM-1. Our data suggest different interaction sites for VCAM-1 and ICAM-1 with the cytoskeleton, which needs further exploration in future studies.

Finally, we examined monocyte adhesion under conditions of shear stress after adenoviral delivery of our construct to primary and immortalized human endothelial cells (HUVECs and HMECs). Our CD7/VCAM-1 construct significantly inhibited VCAM-1-mediated adhesion and migration of human monocytes ([Fig. 6](#fig06){ref-type="fig"}) in these cells. The extent of inhibition achieved with our gene therapy approach is similar to earlier reported studies, in which anti-VCAM-1 antibodies were used to block lateral monocyte migration and transendothelial migration mediated by the interaction of VLA-4 and VCAM-1 \[[@b52]\]. Our findings indicate that adenoviral-mediated transfer of the CD7/VCAM-1 construct is feasible and results in dominant negative inhibition of VCAM-1-mediated function, leading to significantly reduced endothelial monocyte adhesion and transmigration. The proposed anti-atherosclerotic action of adenoviral-mediated local CD7/VCAM-1 transfection will be explored in further studies using an animal model of atherosclerosis.

In conclusion, our study confirms the crucial role of VCAM-1 in adhesion, accumulation and migration of monocytes. Our findings strengthen the rationale for the development of therapies aimed at inhibiting the interaction between VLA-4 on monocytes and VCAM-1 on activated endothelial cells. To our knowledge, this is the first description of a blockade of this interaction *via* co-expression of a competing CD7/VCAM-1 fusion protein interfering with the cytoskeletal anchorage of VCAM-1. Based on a dominant negative inhibitory effect, the described gene therapeutic approach promises a regional, localized blockade of VCAM-1 function *via* the local delivery of only a small number of CD7/VCAM-1 constructs. This unique approach might allow a localized treatment of atherosclerosis.
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